We demonstrate that the multi-top productions efficiently probe the CP-property of top-Higgs interaction and the Higgs-boson width at the LHC. The four top-quark production alone can exclude a purely CP-odd top-quark Yukawa coupling at the 13 TeV LHC with an integrated luminosity of 430 fb −1 , regardless the size of the Yukawa coupling. Combining the single Higgs-boson production, the ttH associated production and the four top-quark production, we show that the CP-phase of the top-quark Yukawa coupling and the Higgs-boson width can be stringently bounded at the LHC with integrated luminosities of 300 fb −1 and 3000 fb −1 .
Introduction.
Measurement of the rate of the association production of a top-quark pair and a Higgs boson (named as the Htt channel) provides a direct test of the Higgs-boson interaction with the top-quark, i.e. the so-called topquark Yukawa interaction. Recently, both the ATLAS and CMS collaborations confirm the top-quark Yukawa coupling (y t ) at the 5σ C.L. [1] [2] [3] . The Next task is to test the CP property of y t [4] . As the strength of y t is comparable to the coupling strength of strong interaction (g s ), it has been shown that four top-quark (tttt) production can probe the CP-even y t coupling and also the tiny Higgs-boson width at the LHC and future colliders [5] [6] [7] [8] . In the work we first illustrate that the tttt production is good at probing the CP-property of the y t coupling, and then perform a global fit to explore the sensitivity of the 13 TeV LHC on y t after combining the single-Higgs production and Htt production.
The Higgs-boson width plays a crucial role in all the Higgs-boson productions. Even though very tiny (∼ 4 MeV) and hard to be measured, the Higgs-boson width could distinguish various new physics models, e.g. the composite Higgs model or the invisible decays of the Higgs-boson in the Higgs-portal dark matter models, etc. As the Higgs width is much less than the detector energy resolution ∼ 1 GeV, one can extract it through the comparison of the processes involving the on-shell and off-shell Higgs boson. One way is to examine the on-shell and off-shell Higgs-boson effect in the gg → H → ZZ * process [9] . Another way is to compare the ttH and tttt production [5] . In this study we explore the sensitivity of the LHC to the Higgs-boson width through the multi-top productions.
The general top-quark Yukawa coupling y t is parameterized as following where m t is the top-quark mass, v(= 174 GeV) the vacuum expectation value, and the coefficient a (b) denotes the CP-even (CP-odd) coupling, respectively. Figure 1 displays The representative Feynman diagrams of the tttt production, which occurs either through the gluon mediation, the electroweak gauge-boson mediation, or the Higgs boson mediation in the SM. We name the corresponding matrix elements as M g , M Z/γ , and M H . The contribution of M H to the tttt production cross section is proportional to y 4 t , and that enables us to measure y t through the tttt channel. Since the QCD and electroweak gauge interactions of top quarks have been well established, we consider only the top Yukawa coupling might differ from the SM value. The crosssection of tttt production is parameterized as follows:
where
We calculate σ(tttt) at the leading order using MadEvent [10] , which yields σ(tttt) 13 
as their contributions are about one thousandth of those terms shown above. The first term on the righthanded side denotes σ(tttt) g+Z/γ , the second and third terms represent σ(tttt) int , and the last three terms label σ(tttt) H .
It is worth noting that, in the interference contribution σ SM (tttt) int , the CP-even contribution (∝ a 2 t ) is negative while the CP-odd contribution (∝ b 2 t ) is positive. In the σ SM (tttt) H , the CP-even and CP-odd contributions as well as their interference are all positive. Moreover, the CP-odd contribute is larger than the CP-even contrition in the σ SM (tttt) int and σ SM (tttt) H ; therefore, it is more promising to observe the pseudo-scalar effect through the tttt production.
The QCD corrections to the signal process are large and yield a k-factor (K F ) as 1.58 for the SM (a t = 1, b t = 0) [7] . In the study we rescale the LO cross section of the signal process by an overall K F = 1.58 to mimic the high order QCD effects in both the CP-even and CP-odd cases. The drawback of the tttt production is that it suffers from a large dependence on the choices of the renormalization scale and the factorization scale [11, 12] . Even worse, including higher order quantum corrections only improves the scale dependence mildly [7] . We conservatively consider the cross section of the signal process exhibits a 50% uncertainty of the scale dependence throughout our study, i.e.
where σ 0 denotes the central value of the cross section and δσ µ is the variation from the scale dependence.
2. Purely CP-odd y t coupling.
In the previous study [5] we explored the potential of the LHC on the CP-even y t , considering the event topology of the tttt production consists of lots of jets, multiple charged leptons and missing transverse momentum. Such a collider signature has been studied by the CMS collaboration [6] to constrain a purely CPeven y t . Now we first extend our study to the purely CP-odd y t and then address on the CP-mixture case.
The kinematics distributions of the final state particles are affected only mildly by the CP-phase such that the top-Higgs couplings with different CP-phases yield almost the same cut efficiencies. Figure 2 displays the cut efficiencies of the tttt production as a function of the CP-phase θ of y t , where
The horizontal dashed curve denotes the cut efficiency of gauge boson mediation contribution. While, the blue and red curve represents the cut efficiency of the interference contribution and the Higgs-boson mediation contribution, respectively. The three curves are close together in the whole range of CP-phase θ. Therefore
The cut efficiency of the interference contribution (blue) and the Higgs-mediation contribution alone (red) in the tttt production as a function of the CP-phase θ.
fb
Cross section of the tttt production as a function of a purely CP-even coupling at (black) or a purely CP-odd coupling bt (red). The solid curves represent σ0 while the dashed curves denote σ0 − δσµ. The horizontal lines represent the upper limit of the production rate with an integrated luminosity of 230 fb −1 (green) and 430 fb −1 (purple).
we can use the same strategy from the experimental collaboration to probe the potential of the LHC on the y t . In our study we adopt the cut flow used by the CMS collaboration [6] , which is optimized for searching the SM tttt production. The CMS study shows that there are 0.7 events of the SM background after all the cuts at the 13 TeV LHC with an integrated luminosity (L) of 35.9 fb −1 [6] . We thus estimate the number of the SM background events (N b ) as N b = 0.0195L at the 13 TeV LHC.
Next we simulate the signal process of a purely CPodd y t coupling (a t = 0 and b t = 1) following the CMS strategy. Our simulation shows that 3.97 events of the signal (N s ) and 1.56 events of the background survive all the cuts with the current integrated luminosity of 80 fb −1 . As there are few events of both the signal and the backgrounds after the kinematics cuts, we estimate the significance of excluding the purely CP-odd y t coupling using [13] 
Figure 3 displays the production cross section of the signal process as a function of the y t coupling, where the red and black curves denote the purely CP-odd coupling a t and the purely CP-even coupling b t , respectively. As mentioned above, the tttt production suffers from large scale dependences. For illustration we plot both the central value of the signal production rate σ 0 (solidcurve) and the lower value σ 0 − δσ µ (dashed-curve). Those horizontal lines show the projected upper limit of the cross section of the tttt production obtained at the 13 TeV LHC with an integrated luminosity of 230 fb −1
(green) and 430 fb −1 if only null result is found in the four-top measurement. Figure 4 displays the allowed parameter space in the plane of a t and b t at the 95% confidence level for various integrated luminosities: (a) 80 fb −1 , (b) 230 fb −1 and (c) 430 fb −1 . The cross symbol denotes the purely CPodd coupling (a t = 0, b t = 1). The shaded regions are still allowed if the tttt is not observed for a given integrated luminosity, where the blue (green, red) region is obtained when considering the lower, central and upper value of the signal production rate, respectively. Even though the current data cannot probe the purely CP-odd coupling when taking the scale uncertainty of the signal production into account, as shown in Fig. 4(a) , collecting more data is able to constrain the CP-odd coupling. For example, one can exclude the purely CP-odd coupling (a t = 0, b t = 1) at the 2σ C.L., even considering the lower value of the signal production, when an integrated luminosity of 230 fb −1 is accumulated; see Fig. 4(b) . Furthermore, any pure CP-odd coupling can be excluded when the integrated luminosity reaches 432 fb −1 , which is depicted in Fig. 4(c) .
Global analysis of multi-top productions.
Now we turn to the case of CP-mixture coupling. The CP-phase of y t plays different roles in various Higgs-boson production channels, e.g. the single-Higgs production, the ttH associated production and the tttt production. For example, the ttH production is modified as [14] 
while the single Higgs-boson production through gluonfusion (gg → H) is modified as [14] 
Obviously, the scalar component of the y t coupling dominates in the former process while the pseudoscalar dominates in the latter. Therefore, combining the two Higgs-boson production channels with the tttt production would yield much tighter constraints on y t . When dealing with the signal strength measured in various Higgs-boson production channels, one needs to pay some attention to the Higgs-boson width effect, which could dramatically alter the branching ratios of the Higgs-boson decay mode. Define R Γ as the ratio of the Higgs-boson width (Γ H ) to the SM value (Γ SM H ), i.e.
The ratio describes the new physics effects either from modification of the Higgs-boson couplings to the SM particles, or from unknown decay modes such as the invisible Higgs-boson decay in the Higgs-portal dark matter models [15, 16] . Recently, the ttH production is measured in final states with electrons, muons and hadronically decaying τ leptons by the CMS collaboration [17] . As those leptonic modes are not sensitive to the top-Higgs couplings, we can parametrize the signal strength in the ttH production as
On the other hand, the best mode to measure the singleHiggs production is through the di-photon mode H → γγ, which is also affected by y t . Using the so-called narrow width approximation we parametrize the signal strength of gg → H → γγ as
It is shown that a global analysis of combining multi-top productions can probe Γ H from above analysis. The recent measurements of the ttH production and the gg → H → γγ process by the CMS collaborations yields [3, 17] 
As very complicated statistical methods have been used in the experimental analysis, it is difficult for us to estimate how large the statistical uncertainties should be when collecting more data. Therefore, we adopt the uncertainties shown above to explore the sensitivities of the LHC with an integrated luminosity of 300 fb −1 . We begin with the case of R Γ = 1, i.e. Γ H = Γ SM H . In Fig. 5(a) we plot the parameter space in the plane of a t and b t that are consistent with the current measurements of the gg → H → γγ channel (green) and the ttH production (blue) at the 1σ confidence level. The blue eclipse of the ttH production centers around a t = 0 and b t = 0 as expected from Eq. 11. On the other hand, the gg → H → γγ channel is affected by the y t coupling in both the production and decay. That makes the green eclipse shifts towards to positive a t region; see Eq. 12. The red region denotes the allowed parameter space at the 95% C.L. if only null results were reported in the search of the tttt event at the 13 TeV LHC with an integrated luminosity of 300 fb −1 . Note that the tttt production suffers from a large scale dependence in the theoretical prediction of the production cross section. In order to make a conservation estimation of the parameter space, we use the lower value of σ(tttt) allowed by the scale dependence, i.e. σ 0 − δσ µ , in our global analysis. It turns out that the bound from the tttt production is loose in comparison with the constraints from the other
Parameter space in the plane of at and bt consistent with the current measurements of ggH(→ γγ) (green) and the ttH production (blue), and the projection of the tttt production (red) if a null result is reported at the LHC with L = 300fb two channels. As a result, the allowed parameter space is determined by the gg → H and the ttH productions. The bounds on a t and b t read as 0.73 < a t < 1.14, −0.51 < b t < 0.51.
That corresponds to a constraint on the CP-phase of y t as following:
Making use of the fact that the shape of parameter space of the di-photon channel is sensitive to the y t coupling, we can vary the R Γ parameter to check the consistence of the three channels. As shown in Eq. 12, increasing Γ H requires larger values of a t and b t to compensate the suppression effect of Γ H in the denominator. Meanwhile, the cancellation between the W -boson loop and the top-quark loop further distorts the shape of the green eclipse. For a large R Γ , one cannot even find a common parameter space consistent with the 
which is is comparable to the upper limits of the Higgs total width given by the ATLAS and the CMS collaborations [18] which determine the Higgs-boson width from the comparison of the on-shell and off-shell effects in the gg → H → ZZ * channel. Finally, we explore the potential of High luminosity phase of the LHC (HL-LHC) which is going to collect an integrated luminosity of 3000 fb −1 . Thanks to the unprecedented high luminosity, the gg → H → γγ and ttH productions can be measured very precisely. For example, it is shown that [19] 
In addition, the tttt production can also be discovered, and we assume the contribution from the Higgs-boson mediation can be measured with an accuracy of 50%. Figure 6 displays the parameter space in the plane of a t and b t allowed by the projected measurements of the gg → H → γγ process (green), the ttH production (blue) and the tttt production (red), assuming R Γ = 1. Now the tttt channel yields two isolated ovals in the plane of (a t , b t ), of which only the one around the SM value (a t = 1 and b t = 0) is allowed. See Fig. 6(b) for the details. Combing the three channels yields a constraint on a t and b t as follows:
which corresponds to
Again, setting R Γ as a free parameter sizably alters the parameter space of the diphoton channel and gives rise to a tight constraint on the Higgs-boson width. For R Γ > 1, the green eclipse stretches toward to large a t region; see Fig. 6 (c). A good news is that the HL-LHC is able to probe a small R Γ . If the Higgs-boson width is smaller than the SM value, i.e. R Γ < 1, a smaller values of a t and b t are needed and, for that reason, the green eclipse shrinks. See 6(d). By varying R Γ we are able to obtain a more stringent bound on R Γ as following:
i.e.
MeV Γ
4. Summary.
The multi-top production is a powerful tool to probe the CP property of the top-Higgs interaction,
and the Higgs-boson width Γ H at the LHC. After considering the large scale uncertainty (∼ 50%) of the signal rate, we showed that the four top-quark production alone can exclude a purely CP-odd top-quark Yukawa coupling (a t = 0, b t = 1) at the 13 TeV LHC with an integrated luminosity of 230 fb −1 . Furthermore, increasing the integrated luminosity to 430 fb −1 excludes a purely CP-odd coupling regardless the size of the Yukawa coupling.
As the top-quark Yukawa coupling and the Higgsboson width play different roles in various Higgs-boson productions, combining different channels would impose tighter constraints on the CP-phase θ ≡ arctan(b t /a t ) and Higgs-boson width. In this study we considered three production channels as follows:
(1) the single-Higgs production with a subsequent decay of H → γγ,
the ttH associated production, (3) the four-top production.
After considering the current and projected experimental measurements, we showed that, assuming the Higgsboson width is not altered by new physics effect, the CPphase is bounded to be |θ| ≤ π 5 , if only null result is found in the search of tttt events at the LHC with an integrated luminosity of 300 fb −1 . Furthurmore, varying the Higgsboson width dramatically distorts the parameter space of the gg → H → γγ channel and even leads to nonconsistent parameter space for all the three channels. We found that Γ H ≤ 2.17Γ SM H 8.7 MeV.
At the high luminosity phase of the LHC with an integrated luminosity of 3000 fb −1 , all the three channels are expected to be measured precisely. We demonstrated that, if the Higgs-boson related tttt production is measured with an uncertainty of 50%, the combined analysis yields stringent constraints on the CP-phase as |θ| 2π/27 with the assumption of Γ H = Γ SM H . Varying the Higgs-boson width yields 2.2 MeV Γ H 4.7 MeV.
